The effect of chromium on elevated temperature properties of ferritic heat resisting steels containing Cr, Mo, V and Nb was studied. The chromium content was varied from 3 to 15% in order to find the optimum value. The tempering characteristics and the tensile strength were measured and creep rupture tests were carried out at 550 N 700°C. The microstructures were observed by a transmission electron microscope.
I. Introduction
Chromium is a main alloying element of Cr-Mo heat resisting steels to ensure high hardenability and good resistance to oxidation. Colbeck and Rait1~ have reported that the creep rupture strength of CrMo-W-Nb steels and Cr-Nb steels at 600°C is highest near 1 %Cr and lowest near 8%Cr. Austine et a1. 2~ and Koshiba and Kuno3~ have also reported that the minimum creep strength appears near 5 8 %Cr. Therefore, low chromium steels have been exclusively of practical interest, and high chromium steels have been left almost unnoticed.
However, there are a few attempts to develop high chromium ferritic steels in order to increase resistance to oxidation, and strength at elevated temperatures. Gemmil et al. 4} have found the necessity of 7%Cr addition for high creep strength and resistance to oxidation at 600°C. On the other hand, a variety of 7N 9%Cr heat resisting steels with superior strength at elevated temperatures were developed by the addition of carbide formers, such as molybdenum, vanadium, niobium, and titanium.4-8> Particularly, ferritic steels with 9'--' 12 %Cr and 1 N 2 %Mo are intended for the use of steam generators and wrapper tubes in liquid-cooled fast breeder reactor. 9b0)
There are a series of Cr-Mo heat resisting steels, such as 2 4 Cr-1 Mo, 9Cr-1 Mo, and 9Cr-2Mo-VNb. Many investigations have been carried out on the relations among chromium content, heat treatment, and elevated temperature strength,'-6," ,'2~ but few reports are available on the relation between the strength and the microstructures (the coagulation of precipitates and substructures including the matrix) •13)
The present authors have reported that a low CIOCr-2Mo-V-Nb steel14,15~ has a creep rupture strength a few times as strong as the conventional Cr-Mo heat resisting steels, and showed that a good combination of ductility16~ and weldability17~ can be obtained by the adequate selection of tempering temperature. The present work was carried out to find the optimum chromium content of low C-Cr-2Mo-V-Nb steel. Steels with 3N 15%Cr and 15%Cr+ 3 %Ni were prepared. The present work also examined the relation between the strength at elevated temperatures and microstructures of Cr-Mo heat resisting steel with effective carbide formers, such as vanadium and niobium.
II. Specimens and Experimental Method
The chemical compositions of the specimens used in this work are given in Table 1 . The base composition is 0.05C-Cr-2Mo-O. 1V-0.05Nb steel.
The chromium content is varied from 3 to 15%, and 3%Ni is added to the 15%Cr steel to increase the strength at elevated temperatures. At the first time, 3, 5, 7, 9, and 11 %Cr steels were melted, and at the second time, 6, 8, and 15%Cr steels and 15%Cr+3%Ni steel were melted to ensure the results of the first melting. Steel 892 is a steel for comparison which was used in the previous work. Each specimen was air-melted (10 kg), cast, and then forged into 14 mm~b bars. The specimens for the measurement of tempering characteristics were forged further into 10 mm square.
Specimens for creep rupture tests were normalized at 1050°C for 30 min and tempered at 700°C for 1 h. Creep rupture tests were carried out at 550, 600, 650 and 700°C by the lever-type single specimen machines for short term tests and the spring-type multi specimen machines for long term tests.
Tension tests at room temperature are carried out by an Instron-type tension testing machine by using the specimens normalized at 1050°C for 30 min and tempered at 700, 750 and 800°C for 1 h (some of CR11 alone tempered at 750°C for 3 h). The size of specimens for both creep rupture tests and tension tests is 6 mm~b in the parallel region covering the gauge length of 30 mm. Tempering characteristics is measured by a Vickers hardness tester (load : 20 kg), after normalizing at 1 050°C for 30 min and tempering at 550°, 600, 650 or 700°C for 30 min-'10 000 h.
The structures of some of creep ruptured specimens
Transactions ISIJ, Vol. 22, 1982 were examined by a transmission electron microscope (accelerating voltage : 150 kV) using thin foil method. Thin foils were prepared by mechanically polishing to 70 100 pm. Subsequent electrolytic polishing was performed in an 80%H3PO4+20%CrO3 solution and finished in a 135 g CH3COOH+25 g CrO3+7 g H2O solution below 0°C. The precipitates in specimens tempered without stress at 650°C for 1, 10, 100 and 1 000 h is electrolytically extracted (electrolyte : 10% HC1+CH3OH, current density: 30 mA/cm2) and identified by an X-ray diffractmeter.
III. Experimental Results

I. Creep Rupture Properties
Results of creep rupture tests are given in Figs. 1 and 2. At 550°C, CR 15N is the most excellent in creep rupture strength in the shorter periods. The creep rupture strength in the longer periods is in the order of CR9, CR7, CR 11, CR 15N, CRS, CR 15 and CR3. Particularly CR3 is remarkably weak. The optimum chromium content is wide in the range of 5 N 11 %. At 600°C, the creep rupture strengths are in the order of CR9, CR7, (CR5, CR11, CR15N), and (CR3, CR15) up to 10 h, and CR9, CR11, CR15, CR7, CR3, CR15N and CR5 after 100 h. CR9 has the highest creep rupture strength. After 1 000 h, the creep rupture strength of CR3 and CR 15N deteriorates drastically down to the level below CR5. The optimum chromium content gets higher at 600°C to 715%.
. At 650°C, the creep rupture strengths show the same tendency as those at 600°C. The creep rupture strengths are in the order of CR9, CR11, CR5, CR7, CR 15N, CR 15 and CR3 up to 10 h, and CR9, CR 11, CR 15, CR 15N, CR7, CR3 and CR5 after 100 h, and then CR5 is the weakest. The strength of CR 15N in the longer periods is high at 650°C. As shown later, this creep property results from the formation of reversed austenite at 650'-700°C, which is above Al temperature (600650°C).
The strength of CR 11 is high enough to be equal to that of CR9 at the later stage. This reason is thought to be as follows : The fraction of martensite (a') in CR9 measured by the point counting method is twice as much as that of CR11, and it leads to the marked difference in strength over CR9 at the early stage, but with the progress of tempering recovery of a' and precipitation hardening in o ferrite (o), which occupies 60% of CR 11, reduce the difference in strength.
The creep rupture elongations are about 20% except CR5 at any testing temperature, as shown in Fig. 3 . They decrease with strengths and increase with testing temperature. Specimens ruptured in the longer periods have the longer elongations. Concerning CR9 and CR11, which are composed of a' and o, the elongations increase with the fraction of o. Their elongations are over 25% at 550°C and over 30% at 600°C. Particularly CR15 abundant in o, and CR 15N with Ni have marked ductilities. (Wt%) 
At 700°C, the strength of CR9 is the highest till 10 h, followed by CR 11. This is the same tendency with the results at 650°C. However, the order of the other steels is different from that at 650°C. The creep rupture strengths are in the order of CR9, CR11, (CR7, CR15N), CR15, CR5 and CR3 at the early stage, and CR11, CR7, (CR9, CR15N), CR5, CR15 and CR3. The strength of CR7 is higher than that of CR9. Figure 4 shows the change in hardness of specimens normalized at 1050°C for 30 min and tempered respectively at 550, 600, 650 and 700°C. Tempering time and temperature are transformed into LarsonMiller parameter (C=35). Because of heavy oxidation, tempering of CR3 and CR5 was finished within 1 000 h at 650°C and 300 h at 700°C. CR11 and CR15, with over 60%o, show comparatively low hardness at the early stage of tempering, but they prove to have stable tempering resistances at the later stage. This is caused by the precipitation of Fe2Mo, M6C and M23C6 in o. This property is favorable for the use of boilers which need workability at room temperature.
Tempering Characteristics
CR3, CR5 and CR7, which consist of martensite and bainite, soften rapidly after long term tempering, in spite of the high hardness at the short term tempering. Particularly the softening proceeds after 1000 3 000h at 550°C, and as early as 10'30h over 600°C. CR 15N with Ni shows a marked decrease of hardness after 1ON 100 h at 550 and 600°C. It apparently hardness at 650 and 700°C, but this is because heating above Al temperature near 600'-'650°C causes the transformation of reversed austenite into fresh-martensite during cooling. When specimens are classified into two groups having a' structure and a' +o structure, the change of hardness is in good agreement with that of creep rupture strength, except CR 15N. Figure 5 shows the results of the tension tests. The tensile strength of the specimens tempered at 700°C for 1 h increases with chromium content up to 8%Cr. Their elongations are less than 20%, while the elongations of specimens with more than 11 % Cr are high. CR 11 and CR 15, with over 60%o, are worth noticing because of the low tensile strengths and good ductilities. Each specimen tempered at 750°C for 1 h has the lower tensile strength and the elongation over 20%. The tensile strengths of each specimens tempered at 800°C for 1 h decrease to 60 N 70 kg/mm2 and their elongations exceed 25%.
Tensile Properties at Room Temperature
The tensile strength decreases and the ductility increases with tempering temperature. Provided the tensile strength less than 65 kg/mm2 and the elongation over 30% are necessary for the good workability, the specimens tempered at 800°C for 1 h satisfy this requirement except a slight shortage of the elongation. Tempering at more elevated temperatures may give the desired results, but the creep rupture strength must decrease too much. This method will leave no merits superior to the conventional steels. Tempering at 750°C for 3 h is, therefore, applied to CR 11 in order to increase the elongation without further decrease in the tensile strength. Its tensile strength and elongation were found to be 62 kg/mm2 and 27%, respectively.
The effects of tempering at 800°C for 1 h on the creep rupture strength of IOCr-2Mo-V-Nb steel, reported by Asakura et al.,16~ are advantageous, because its creep rupture strength gets higher in the longer periods than that tempered at 700°C in spite of the low strength in the shorter periods. The workability requirement may be satisfied without spoiling the strength, if optimum tempering time and temperature are selected in this method. CR3 and CR5 are not satisfactory because their tensile strengths are too low. CR7 has the lowest elongation even if tempered at any temperature, and the structure of martensite and bainite is undesirable to the workability. CR9 and CR 11 containing have reasonably low tensile strengths and good elongations. The optimum chromium content of 0.05 CCr-2Mo-O.1V-0.05Nb steels for the tensile properties is concluded to be near 10% in the range of 3 15%Cr. Table 2 shows the X-ray diffraction data of residues extracted by an electrolysis from CR3, CR5, CR7, CR9 and CR 11 normalized at 1 050°C for 30 min and tempered at 650°C for 1, 10, 100 or 1 000 h. In CR3, NbC precipitates after 1 h and M6C (Fe3Mo3C or Fe4Mo2C) after 10 h. In CR5 and CR7, M7C3 precipitates in the shorter periods and M6C becomes a principal precipitate in the longer periods. In CR7, M7C3 remains a little.
Identification of Precipitates
In CR9 containing o, the principal precipitate is M23C6 in the shorter periods and M6C in the longer periods. In the case of high Cr/C ratio, transformation of carbides as M3C --* M7C3 --~ M23C618) is accelerated, and little M7C3 is retained in the 9 % Cr steel. In CR11, M23C6 is always a principal carbide and Fe2Mo precipitates after 100 h. In steel 892 (10%Cr), Fe2Mo becomes a principal precipitate at 1 000 h. Therefore, Fe2Mo precipitates most easily in the steel with 10%Cr. There are some reports of the effects of Laves phase on the Charpy impact properties of maraging steel.l9-21) Effects of Laves phase in steel 892 is now on study. 22) In CR3, a low chromium steel in which only molybdenum carbides precipitate, molybdenum in solution is so little in matrix that it does not contribute to solid solution hardening. While, in the high chromium steels containing various precipitates, the contribution of solid solution hardening is considered to be large because the content of molybdenum in solution is high, which was clarified by EPMA. And the cooperative effects of solid solution hardening and the precipitation hardening are expected to operate23) in the high chromium steels.
As for the behavior of vanadium, Koutsky24) has expected that vanadium is in solution in M23C6, while Shaw and Quarrell25) and Mills et al. 26 ) have insisted that vanadium carbides could not precipitate in steels with such a small amount of vanadium. X-ray diffraction could not detect V4C3 and NbC, but EPMA analysis of the residue of steel 892 proved the presence of vanadium and niobium.15) Consequently, vanadium is thought to be in solution in M23C6 and M7C3 in high chromium steels and in iron matrix or M6C in low chromium steels, while NbC was too little to be detected by X-ray diffraction. CR5, CR6, CR7 and CR8 have martensite and bainite structure. The fraction of a' increases with the chromium content. CR7 was found to contain extremely little t3 by an electron microscope. CR8 contains less than 5%o. The bainite in these steels is the lower bainite, and Widmanstatten-like autotempered M3C precipitates in both martensite and bainite. CR9 and CR 11 have duplex structures of a' and ,3. Ferrite phase occupies 25% of CR9 and 60% of CR11. CR15 was observed to be fully o structure by optical microscopy, but an electron microscope revealed a little amount of a'. CR 15N consists of a' and 10%o.
Microstructure Observed by an Electron Microscope
The microstructures of creep ruptured specimens at 600 and 650°C observed by TEM are given in Photos. 1 and 2. Thin foils were taken at a portion lo,-, 15 mm away from the creep ruptured part. CR3, CR7, CR9 and CR11 ruptured at 600°C and all specimens ruptured at 650°C except CR6 and CR15N were observed.
Photograph 1 shows the structures ruptured at 600°C near 1 000 h. In CR3, there are many large subgrains. Within grains, round carbides of less than 0.1 rims are found to pin dislocations which were originated by movement of subgrains. Massive M6C of 0.3 N 0.5 pm are distributed uniformly. M6C particles of about 0.2 X 1.0 im are aligned in chains on prior austenite boundary.
The recovery of CR7 is more retarded than that of CR3, though small subgrains have already formed (Photo. 1 (b)). Martensite-laths move so easily that spindle-shaped M7C3 is left on the lath boundaries. M6C and M7C3 are less than O.2--O.3 ~Cm without extensive coarsening as found in CR3 and CR5.
In CR9, a'-lath remains and fine and uniformlydistributed precipitates tangle with dislocations in laths (Photo. 1 (c)). According to the limited area electron diffraction patterns, M23C6 and M6C in various shapes are observed on o-a' boundaries, where coagulation proceeds remarkably. M6C of about 
0.1 N 0.3 pmt precipitates in the shape of disk and grain in o (the lower part of Photo. 1 (c)). In CR11, as compared with CR9, laths are wide and dislocation density is low, and the formation of dislocation cells has partly started. In other words, CR 11 recovers a little more than CR9. The coagulation of molybdenum-precipitates in o coagulates to be O.2-O.5 pmt and widens the mutual distance as the result.
The rupture stresses differ among CR3, CR7, CR9 and CR11, though their times to rupture are almost the same. The recovery of matrix and the agglomeration of precipitates are retarded in the order of CR9, CR11, CR7 and CR3 independently of difference of rupture stress. The creep rupture strength (600°C-1000 h) is in the order of CR9, CR11, CR15, CR7, CR5 and (CR3, CR15N), which corresponds with the difference in the microstructures mentioned above. The recovery is markedly progressed in the steels with over 11 % or little chromium.
Photograph 2 shows the microstructures ruptured at 650°C after about 1 000 h. In CR3, subgrains have coarsened and the dislocation density is extremely low, as shown in Photo. 2 (a). Fine precipitates, observed at the earlier stage, have almost disappeared, and M6C (0.3 0.5 ~Cm~b in average, and greater than 500 A) is left and coagulates on grain boundaries or inside grains. CR5 has the structure similar to CR3. Subgrains are observed, as shown in Photo. 2 (b). Their average diameter is much larger and the coagulation of M6C progresses much further as compared with CR3.
In CR7, subgrains grow up to 0.55.0 pm (Photo. 2 (c) ). Carbides are 500 A'-.'0.3 pm and the coagulation is retarded as compared with CR3 and CR5. A dislocation loop is observed in the left upper grain in the Photo. 2 (c), which suggests the passage of a dislocation through a carbide by Orowan's mechanism.
In CR8, dislocation cells are observed but the dislocation density is not high (Photo. 2 (d)). Many spindle-shaped carbides of 0.2 x O.7 pm precipitates on a'-lath boundaries. The amount of carbides in 5 is more than that of CR9 and CR 11.
As for CR9, the recovery of matrix is extremely retarded as compared with the coagulation of precipitates (Photos. 2 (e) and (f)). In CR9 (2 160 h-12 kg f mm2), dislocation cells in a' have started polygonizing, but polygonized cells are small and its dislocation density is high (Photo. 2 (e)). Besides, a'-laths hold their shapes. Carbides in o are in the shape of lens (0.7 x 4 ~Cm) and tend to agglomerate to give 1 N2 particles in a o grain. On o-a' boundaries, the coagulation of M6C and M2sC6 is observed. The structure (13 008 h-8 kg/mm2) is characterized by polygonization and smaller subgrains than CR3 and CR5 (Photo. 2 (f)), though it ruptured in 10.'15 times as long as CR3 and CR5.
CR11 recovers in the same way as CR9. Photograph 2 (g) shows o phase in CR11. The dislocation density in matrix is high. Lens-shaped carbides decrease in number, and grainy or starlike Fe2Mo is observed. In the case of steels containing both o and a', molybdenum is partitioned rich in o by normalizing, as suggested by Koutsky et a1.24'27'28) High concentration of molybdenum enables M6C and Fe2Mo to precipitate preferentially in o. In the specimens ruptured after 10 000 h, however, lens-shaped, massive or starlike precipitates in o are scarcely found.
In the previous work,29> the present authors examined concentration of alloying elements in marten- The recovery during creep (650°C-1000 h) is retarded in the order of CR9, CR 11, CR8, CR 7, CR 15, CR3 and CR5. This order corresponds well with creep rupture strengths except CR 15 that consist of only 5. Thus, it is concluded that the creep rupture strength relates to the recovered structure (ruptured structure) under creep stress.
Iv. Discussion 1. The Effect of Chromium on the Creep Rupture Strength of 0.050-Cr-2Mo-O. 1V-0.05Nb Steel Many poeple have reported that the optimum chromium content in Cr-Mo steels for creep rupture strength is in the range of 1 '.'3%. However, our work revealed that the optimum chromium content of 0.050-Cr-2Mo-0.1 V-0.05Nb steels for the creep rupture strength at 600'650°C is near 9 N 10% (Figs.  1 and 2) .
Figures 6 and 7 show the creep rupture strengths at each testing temperature for 10, 100, 1 000 and 10 000 h. They were read directly or estimated by Larson-Miller method (C==35) from Figs. 1 and 2. The creep rupture strength was thought to depend on the amount of C and N equivalently. The creep rupture data of IOCr-2Mo-0.lV-0.05Nb steels with 0.05, 0.10 or 0.22%C were used to correct the creep rupture strength in Figs. 1 and 2 , because steels used in this work had a scatter in carbon and nitrogen content.
Figures 6 and 7 show the creep rupture strengths when each steel used in this work has the same C+N content. The open and solid marks in the figures indicate the materials obtained by the first and the second melting, respectively. Each melting was discriminated, because the difference of raw materials, forging temperature, forging ratio, or heat Photo. 2. Transmission electron micrographs of creep rupture specimens at 650°C. (19) treatment might exert influence on the creep rupture strength of product.
The maximum strength at 550°C is obtained in the materials with wide range of chromium between 5 15% (Fig. 6 (a) ). 3%Cr steel gives the minimum strength at any period. The strength of CR 15N is the same to that of 8%Cr steel in the shorter periods, but the contribution of nickel is not remarkable in the longer periods. The maximum strength at 600°C is obtained in the steel with 8%Cr in the shorter periods and 10%Cr in the longer periods (Fig. 6 (b) ). The optimum chromium content gets higher with the tempering time. The decrease of strength of CR5 and CR 15N after 100 h is marked. The exceedingly low creep rupture strength of nickel alloyed specimen in the longer periods seems to be attributable to the depressing of Al temperature down to near 600°C.
The maximum strength at 650°C is obtained in the steel with 8N 11 %Cr in the shorter periods and 8~l 0%Cr in the longer periods. The minimum strength after 100 h is obtained by 5%Cr. The increase of strength of nickel alloyed specimen as compared with CR5 seems to be due to the formation of fresh martensite. The maximum strength at 700°C is obtained by the steel with 9~ 11 %Cr in the shorter periods and 7 % 11 %Cr at 1 000 h (Fig. 7 (b) ). Suto30~ have considered the cooperative effects of the acceleration of diffusion of chromium and molybdenum atoms and the decrease of carbon density around dislocations at 700°C.
The optimum chromium content is found to be in a wide range of 5-'15% at 550°C, 10% at 600°C, 8 10% at 650°C and 7'-11 % at 700°C. Particularly, the optimum chromium content is in the range of 8'-..' 10% for the service temperature at 600650°C.
The results that the optimum chromium content shifts higher is owing to the modification of normalizing temperature, as pointed out by Mimino et al.8~ Especially, the normalizing temperature exerts a great influence, because steel 892 contains strong carbideformers, niobium and vanadium. In conventional steels, the normalizing temperature was not raised with increasing chromium content, and a large amount of carbides is not brought into solution, which leads to the decrease of creep strength. This has been revealed, too, by the study of 9Cr-1Mo steel by Kinoshita and Ihara.13y Sasaki12~ also reported that raising the normalizing temperature made the creep rupture strength of 7Cr-l Mo steel higher than that of 2 4 Cr-1 Mo steel.
The Relation between Creep Rupture Strength and
Microstructure In the chromium steels with a' and bainite (CR3, CR5, CR6 and CR7) structures, the agglomeration of carbides and the prompt recovery of matrix correspond with the decrease of creep strength.
In the high chromium steels composed of o and a' (CR8, CR9 and CR 11) structure, it is impossible to account the creep rupture strength from the morphology and size of precipitates. That is to say, carbides are fine in the shorter periods, but the sizes of precipitates differ in the matrices of a' and o in the longer periods. Particularly, in o at 650°C, M6C, Fe2Mo and M23Cb are observed to be distributed massively or in the shape of lens or star.
On the other hand, the degree of recovery of matrix reflects the decrease of the creep rupture strength. In a' phase, a'-lath remains even in the longer periods and the dislocation cell is small, and besides the dislocation density is extremely high. In ' phase, the dislocation density is high, too.
The conventional method to tell the creep rupture strength by the morphology and the size of carbides cannot be applied without modification. It is rather reasonable to think that the strength at elevated temperatures is increased by the retardation of the recovery of matrix itself under the influence of carbides.
The retarding factors of the recovery of matrix are not confirmed experimentally, but they are thought to be attributable to the overlapping of the factors as follows :
(1) The partitioning of the alloying element concentration between a' and o occurs during normalizing in case of a duplex structure of a' and o. The enrichment of carbon in a' strengthening a'-lath, while the enrichment of molybdenum in o leads to the precipitation hardening mainly by Fe2Mo and M6C and the solid solution hardening by molybdenum.
(2) Only M6C precipitates in the low chromium steels, while various types of carbides precipitate and a large amount of molybdenum remains in solution in matrix in the high chromium steels.
(3) In the chromium content range of 3-.' 15%, the steels with 9 ' 10 %Cr exhibit the highest tempering resistance (i.e., retardation of the recovery of matrix). This highest tempering resistance is attributed to the maximum solid solution hardening of chromium and molybdenum at chromium content of 9N 10%.
(4) Al temperatures of the high chromium steels are slightly higher than those of the low chromium steels, and this contributes to the increase of strength at elevated temperatures of the high chromium steels.
V. Conclusions
To find the optimum chromium content of low CCr-2Mo-V-Nb steel, the strength at elevated temperatures and the microstructures were studied by the steels with 3 N 15 %Cr. The results obtained are as follows :
(1) The maximum creep rupture strength is obtained in a wide chromium range of 5'-.-15% at 550°C, 10%Cr at 600°C, 8~ 10%Cr at 650°C, and 7-11 %Cr at 700°C. In a nickel alloyed 15%Cr steel, a little increase in strength was observed except at 600 N 650°C. The rupture elongations were over 20% for all steels tempered at 700-.-800°C. There is an inclination that the stronger specimens are worse in ductility.
(2) As for the hardness changes, the low chromium steels are hard at the short term tempering but soften promptly at the longer term tempering or at a high tempering temperature. The high chromium steels with o structure are stable at elevated temperatures in terms of softening resistance and strength. The hardness after tempering of a nickel alloyed steels increases because of the formation of fresh martensite above 650°C.
(3) When specimens are classified into two groups having a' structure and a'+o structure, the change of hardness has good agreement with that of creep rupture strength, except CR 15N.
(4) The tensile strength at room temperature is markedly low in the case of 3'-.' 15 % Cr steels after tempering at 700800°C.
The elongation of 7%Cr steel is smallest. The 9-11 %Cr steels with o phase structure have a combination of low tensile strength and good elongation, which are advantageous to cold workability. Particularly, the ductility is fairly improved by the adequate selection of higher tempering temperature. The optimum chromium content is near 10% from the viewpoint of the tensile properties.
(5) Precipitates were extracted and identified by X-ray diffraction. In the steels with less than 8%Cr, M7C3 precipitates in the shorter periods, and M6C becomes a principal precipitate in the longer periods. M23C6 and M6C precipitate in the 9%Cr steel, and M23C6 (and M6C later) precipitates in the steels with more than 9 % Cr, and Fe2Mo precipitates in o in the longer periods.
(6) According to TEM, carbides in a uniform shape disperse inside grains and coagulates on grainboundaries in low chromium steels composed of a' and bainite. The low chromium steels recovers promptly as compared with the high chromium steels.
(7) The morphology and size of precipitates are various in the high chromium steels with o. Carbides agglomerates in the shape of grain or plane. Their sizes differ in the matrices of a' and ~.
(8) The creep rupture strength can be explained not by the morphology or the size of precipitates but by the degree of recovery in creep ruptured specimens.
As a summary, from overall viewpoint of creep rupture strength, tempering resistance, tensile properties and microstructures, the optimum chromium content in 0.05C-Cr-2Mo-0.1V-0.05Nb steels was proved to be around 10% at the service temperature of 600.'650°C. to Mr. K. Yamashita, a former graduate student,
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